A compact accelerator based super-radiant THz source is under development at Inter University Accelerator Centre (IUAC), New Delhi. The facility is based on the principle of pre-bunched Free Electron Laser (FEL) which will produce THz radiation in the range of ∼0.18 to 3 THz from a modulated electron beam. A photocathode electron gun will generate a short train of microbunches (a "comb" beam) driven by a fiber laser system capable of producing multi micro-pulse laser beam with variable separation ( "comb" laser pulse). Upon acceleration, the electron beam will be injected in to a compact undulator magnet tuned to the same frequency as the separation of the electron micro-bunches. The paper discusses the process of enhancement of super-radiant emission of radiation due to modulation in the comb beam and the conditions required to achieve maximum enhancement of the radiation power. The feasibility study of generating a comb beam at the photocathode and its transport through the beamline while preserving its temporal structure has been reported. To evaluate the characteristics of the radiation emitted from the comb beam, a C ++ based particle tracker and Liẽnard-Wiechert field solver has been developed. The conceptual understanding of the emission of radiation from comb beam is shown to conform with the numerical results. The code has been used to calculate the radiation pulse energy emitted into the central cone of undulator for various comb beam configurations.
I. INTRODUCTION
The advent of the THz sources and the advantages of THz time-domain spectroscopy over the Far Infra-Red (FIR) Fourier transform spectroscopy has placed the scientific world "At the Dawn of the New Era in THz Technology" [1] . Until recently, the availability of THz sources was limited and the region between 0.1 THz to 10 THz was called as 'THz Gap'. However, with the advancements in the schemes of producing THz sources and its indispensable futuristic roles in understanding plethora of physical, chemical and biological processes, the THz Gap is firming its position as bridge between the fundamental sciences e.g. non-linear optics [2] [3] [4] , condensed matter physics [5, 6] , non-linear spectroscopy [7] , selective control of magnetic properties of materials [8] etc. and the real world applications like characterization of materials [9] , non-invasive imaging [10] , national security [11] [12] [13] , THz communication [14] , monitoring of industrial processes [15, 16] , biomedical applications [17] etc.
The required boost to the development of THz sources is attributed to immense research activities in the fields of Photo-conductive switches [18] [19] [20] [21] , Optical Rectification [22] [23] [24] , Accelerator based Coherent Synchrotron Radiation (CSR) [25] [26] [27] [28] [29] [30] [31] [32] or Coherent Transition Radiation (CTR) [33] [34] [35] [36] , Quantum Cascade Lasers [37] and Laser * Electronic Address: vipuljoshi92@gmail.com Induced Air Plasma [38] based devices. Amongst the variety of THz sources, Photoconductive switches and Optical Rectification techniques are most commonly used and historically important. Photoconductive switches are based on biased semiconductor devices (Auston Switches [18, 19] ) which can be thought of as loaded capacitor [39] . If a femtosecond laser pulse is incident on the switch, the stored electrostatic energy is released in the form of ultrashort, high bandwidth, single-cycle THz radiation having pulse energies in the range of few femtojoule per pulse. Much higher THz pulse energies (∼ 0.8 µJ) using photo-conductive switches were obtained by You et al. by applying high-bias voltage across GaAs crystalline wafers and exciting the switch by 120 fs, 770 nm laser pulses from a Ti:Sapphire chirped-pulse amplifier system [20] . The most common mechanism to generate single cycle (broadband) or multi-cycle (narrowband) THz pulses having ∼ µJ pulse energies is to use the Optical Rectification (OR) technique [23] which is based on inducing instantaneous second-order nonlinear susceptibility χ 2 (and therefore non-linear time-dependent polarization P 2 (t)) in an organic or inorganic semiconductor crystal by using an intense broadband femtosecond pump pulse. Due to second-order non-linear processes inside the crystal, intrapulse difference frequency generation (DFG) occurs; resulting in a rectified THz pulse [39, 40] . The most commonly used crystal for OR is ZnTe while other crystals e.g. GaP, GaAs, DAST, LiNbO 3 are becoming increasingly popular. Recently, several groups have shown that OR techniques can be used to generate THz pulses with high fields (>1 MV/cm) [41] [42] [43] , high pulse energies [44] and multi-cycle narrowband THz pulses [40] .
Although THz sources based on Photoconductive switches or OR are more accessible, less bulky and commercially available; accelerator based THz sources offers much higher brilliance, pulse energies, tunability, repetition rates and offer both broadband (from bending magnets) and narrowband THz pulses (from undulators) [45] . The possibility of intense coherent emission of radiation from short bunches of relativistic particles in a storage ring was first mentioned by Michel in 1982 [25] and observed by Nakazato at Tohoku in 1989 [26] . Over the last two decades, there has been significant improvement in the techniques employed to generate high power narrowband tunable coherent THz pulses from storage rings. K. Holldack et. al have used energy modulated electron beam ('femtosliced' electron beam) to produce femtosecond broadband THz pulses at BESSY storage ring [46] . J. M. Byrd et al. [47] at Advanced Light Source has been able to produce temporally and spatially coherent THz pulses using longitudinally and transversally modulated electron beam. They also showed that the electric field of the THz pulses can be tailored by varying the intensity, delay and number of pulses of the slicing laser pulse . Groups at UVSOR at Okazaki, Japan and DELTA in Dortmund, Germany have demonstrated generation of continuously tunable narrowband pulses in the THz and sub-THz regime using laser modulated electron beams [48, 49] .
In 1979, John M.J. Madey invented FEL [50] and his group successfully demonstrated its operation in 1977 at Stanford [51] . The world's first FEL working in the THz regime was based on electrostatic accelerator at the University of California, Santa Barbara (UCSB) FEL . The original FEL at UCSB is now replaced with two FELs (MM-FEL and FIR-FEL) and cover the frequency range of 0.12 THz to 4.8 THz [52] . Another electrostatic accelerator based FEL is the Israeli FEL which can operate in continuous wave (cw) or quasi-static mode. The Israeli FEL achieved its first lasing in 1997 at pulsed power mode and provided 1kW of power at 0.1 THz [53] . The Free Electron Lasers at Jefferson Lab, Virginia (JFEL) [54] and Novosibirsk, Russia (NovoFEL) [55] are based on Energy Recovery Linacs (ERL) and have been able to provide infrared (IR) or THz pulses at 1.72 kW and 500 W respectively. Except for ERL based FELs or Electrostatic Accelerator based FELs, cw mode operation of FELs can be achieved in super-conducting linacs only. The FEL at the Electron Linear accelerator with high Brilliance and Low Emittance (FELBE) facility at Helmholtz-Zentrum Dresden-Rossendorf (HZDR) Dresden, Germany has a thermionic gun coupled with two super-conducting linac modules which operates in a cw or quasi cw mode with 15 MHz pulse repetition rate. Using two FELs (U37-FEL and U100-FEL), they are able to cover mid and far infrared regime of electromagnetic spectrum [56] . Also, TELBE facility at HZDR can produce multi-cycle THz pulses at very high repetition rates.
TELBE facility have a thermionic gun based electron injector which can be operated at 13 MHz repetition rate with 100 pC bunch charge to produce THz pulse energy of the order of 1 µJ and is working on SRF injector based THz source which shall operate at 500 kHz repetition rate with 1 nC bunch charge to produce pulse energies as high as 100 µJ [30] . For a more detailed list of FELs, readers are referred to a review article titled 'Accelerator Sources for THz Science: A Review' by G.R. Neil [57] .
The latest entry to the accelerator based THz sources are the Linac based Super-Radiant THz sources. It is now very well understood that the quality of the emitted radiation from a collection of electrons depends upon the number of electrons in the bunch and the phase-space volume occupied by the electrons in the bunch [58] . Intense coherent radiation can be generated from electron bunches if (a) the electron beam bunch length is much smaller than the radiation wavelength (λ) to be generated, (b) the transverse beam size is of the order of λ/4π and (c) the number of the particles in the bunch is as high as possible. Under these conditions, the radiation power scales as the square of the number of the particles in the bunch [59] . Several groups have used super-radiant electron bunches to produce intense CTR [34, 35, 60] or Coherent Undulator Radiation [30] in the THz regime.
In this paper, a compact THz source project at IUAC, named as Delhi Light Source (DLS) [61] , capable of producing continuously tunable, narrowband, multi-cycle, coherent THz pulses in the range of ∼0.18 to 3 THz from a train of super-radiant micro-bunches (henceforth called as "comb" beam) is being presented. In the present approach, we show that train of super-radiant microbunches can be produced from a normal conducting photocathode electron gun by temporally modulating the incident photolaser; eliminating the need of a magnetic chicane to compress the electron bunch and reducing the size of the beamline. Further, the flexibility of varying the separation between the micro-bunches, the total number of micro-bunches and the charge per micro-bunch of the comb beam gives an additional advantage to provide tunable frequencies, variable intensities and variable pulse duration of the electromagnetic radiation.
Presently, effort is on to develop the first phase of DLS which is briefly described in Section II. In Section III, the conditions required to enhance the radiation power emitted into the resonant frequency of the undulator by the comb electron beam has been discussed. The results of beam optics calculations done by using the General Particle Tracer (GPT) [62] code has been presented in Section IV. To simulate the emission of the radiation inside the Undulator, a code based on C ++ has been developed to track the electron beam inside the Undulator and to compute the radiation emitted by them using the Liẽnard-Wiechert fields [63, 64] . The results of the THz calculations has been presented in Section V. The first phase of Delhi Light Source, is an ongoing project at IUAC to develop a THz radiation source facility. The complete facility will be developed in three phases and the work towards the Phase 1 (layout shown in 1) is presently going on. The aim of the first phase is to develop a compact super-radiant THz source based on normal conducting (OFHC copper) photo-injector for pulsed mode operation [61] .
The choice of the Laser system for DLS is a Yb doped fiber laser system with an oscillator frequency of 130MHz (10 th sub-harmonic of the main master clock) and 1030 nm as fundamental wavelength. However, 130 MHz repetition rate will be reduced to 5 MHz to reduce laser pulse loading inside the fiber. At this point it is important to mention that the normal conducting cavity in the Phase-1 of the DLS project will be operated in a low duty cycle mode and therefore the length of the RF window is limited to ∼ 3 µseconds with 6.25 Hz repetition rate. Thus, in a time window of ∼ 3 µseconds, 15 laser pulses will be selected. Each of these 15 laser pulses will be passed through two stage burst amplification to increase the laser pulse energy. After this stage, Michelson Interferometer type pulse-divider( based on multi-stage polarised beam splitting with optical delay lines) [65, 66] will split each of the 15 laser pulses into 2, 4, 8 or 16 micro-pulses. The laser micro-pulses will be then converted from fundamental IR (1030nm) to UV (258nm) before being incident on the photo-cathode to generate the comb electron beam. The carrier envelope of the electron beam is shown in Fig. 2 and the expected pulse energy in a single micro-pulse is given in the Table I . The laser system is being developed in collaboration with KEK, Japan.
The accelerating structure for the Phase-1 of DLS is a 2.6 cell, S-band (2860 MHz) normal conducting resonant cavity which will be powered by a 25 MW high power RF system consisting of Klystron and Modulator. The cavity is coupled with a solenoid to compensate for the growth in emittance. The temporal structure of the comb electron beam will be identical to the comb laser pulses at the cathode and therefore; the accelerating field strength at the cathode surface must be high enough to preserve the modulation of the electron beam through the initial stages of the acceleration until reaching rel-ativistic velocities. The maximum energy of the comb beam is expected to be ∼8 MeV.
The comb beam will be injected into a planar undulator to produce coherent THz radiation. Inside the undulator, the wave packets emitted from individual microbunches inside the same micro-bunch train will interfere constructively if the separation between the microbunches is made equal to the wavelength of the radiation. If the coherence condition is satisfied then the intensity of the emitted Coherent Undulator Radiation [27, 67] will be proportional to the square of the total number of electrons in the multi micro-bunch structure of the electron beam [59] . By adjusting the electron energy and changing the gap of the undulator magnet, the wavelength of the radiation frequency λ r can be adjusted in the range of 0.18 to 3.0 THz by following the equation [50, 68] :
where
is the undulator parameter, λ u is the undulator period, B u is the peak magnetic field on the axis of the undulator, γ is the relativistic factor for the electron and θ is the angle of observation of the radiation.
III. THEORY OF COHERENT EMISSION OF RADIATION FROM THE COMB BEAM
It is well understood that an accelerating charged particle emits electro-magnetic radiation whose power varies remarkably with the particle s energy. The electric and magnetic fields of the emitted radiation can be found using the Liẽnard-Wiechert formulation for the fields of a point particle of charge q, which is given as [63, 64] :
where R = r -r s is the distance of the observation point (r) from the source of radiation (r s ),n = R/R is the unit vector pointing from source of radiation to the observation point, β,β are the velocity and acceleration of the particle respectively, evaluated at retarded time t r . The Liẽnard-Wiechert fields can be expressed in the frequency domain by evaluating the Fourier Transform of Eq. 2. Under the approximation that the observation point is extremely far from the source of the radiation (r s <<r); we can approximate the unit vector pointing from the electron to observer asn r/r. This approximation allows us to write the result of Fourier Transform of the radiation term (second term in Eq.2(a)) as:
where A(r, ω) = −ikω r exp iωr c and k= −e √ 32π 3 0 c is a constant defined for electrons. If instead of a single electron, a bunch of N e electrons is considered; then the total electric field of the emitted radiation wavepacket is given by the sum of the electric fields emitted by individual electrons:
Following Hirschmugl [59] , if we assume that all the electrons move with same velocity i.e. β j = β, the coordinate of the j th particle with respect to the centre of mass (r c ) of the bunch is given by (r j ) and the distance of the observer from the centre of mass of the bunch is much larger than the bunch length ( l b <<r); then the summation in Eq. 4 can be written as:
The experimentally measurable quantity is the intensity of the radiation which depends on the square of the amplitude of the electric field. From Eq. 5, the amplitude of the total radiation wave packet, corresponding to a particular frequency ω, emitted by a bunch will be:
Now, if we define the bunching factor or form factor [59] B(ω) as
and the integral I(t r ) (the detailed solution of this integral can be found in [69] ) as
then Eq. 6 becomes:
From the above equation, it is clear that the intensity of radiation emitted into a particular mode ω is directly dependent on the bunching factor (corresponding to the same mode). If the bunch length l b (which can be approximated as two times the position of the electron farthest from the centre of mass) of the beam is extremely small compared to the wavelength of the emitted radiation (ωr j /c = πl b /λ → 0), then the entire bunch is approximated as a point source of radiation; resulting in maximum possible intensity of radiation. The coherence effects due to this condition was initially termed as super-bunching [25] and has since been studied and observed by several authors [26, 51, 70, 71] . The above discussion can be further extended to find the electromagnetic fields of a radiation wavepacket emitted by a comb beam. Let us consider a comb beam in which there are N m micro-bunches having N e electrons in each micro-bunch, the position of j th electron (with respect to the centre of mass) in the m th micro-bunch is given by r j,m and that the centre of mass of m th microbunch follows the trajectory given by r c,m . The electric field of the wavepacket emitted by this beam will be given by:
where β m is the velocity of the m th micr-obunch. In the above expression for the electric field, care needs to be taken to separate the integral from the summation. Let the trajectory followed by the centre of mass of the first micro-bunch and its velocity be given by r c and β respectively. We assume that the particles of all the microbunches are ultra-relativistic and have same velocity i.e. β m β. The trajectory of centre of mass of all the other micro-bunches can then be defined with respect to the first micro-bunch, if we assume that the relative separation between the micro-bunches (∆r m ) is fixed and is independent of time. Under this condition, we can write: r c,m = r c -∆r m . Thus, one can write the total electric field of the radiation emitted from comb beam as:
As already mentioned, the separation between the microbunches is independent of time and therefore; the integral can be now separated from the summation:
The above expression gives the general form of the electric field that can be applied to radiation emitted from a comb beam. The amplitude of the total electric field obtained from the comb electron beam can be written as:
is called the average bunching factor of the comb beam. Thus, in the case of the comb beam, we can define bunching factor in two ways i.e. the individual bunching factor of a micro-bunch given by B(ω) and the average bunching factor of the comb beam distribution given by B avg . The above definition of the bunching factor leads to following two remarks: 1. If the bunch structure of all the micro-bunches is exactly the same and the individual bunching factor has the maximum value i.e. 1, then the average bunching factor can be written as
where ω c = c/∆r m is the frequency corresponding to the temporal separation between the micro-bunches of the comb beam. Eq. 15 shows that the average bunching factor will depend on the relative separation between any two micro-bunches. If the micro-bunches are distributed in a way that ∆r m points towards the direction of the observer (located along the axis of the undulator), then the bunching factor will be maximum only if the separation between the micro-bunches is exactly equal to one radiation wavelength i.e. ∆r m = mλ. If this condition is satisfied, then the electric field of the radiation mode ω will be proportional to N m N e and the radiation intensity emitted into the radiation mode will scale as (N m N e )
2 . An example of such a distribution would be the electron beam distribution at the saturation of the Self-Amplified Spontaneous Emission (SASE) FEL in which the injected electron beam interacts continuously with the radiation field and gets micro-bunched (if injected at the correct phase of the ponderomotive potential) such that the individual micro-bunches are super-radiant and are separated by one radiation wavelength [72, 73] . 2. If ω c is exactly equal to the fundamental frequency of the undulator ω, then the average bunching factor will depend on the structure of the individual microbunches. The micro-bunches having lower individual bunching factor will emit incoherent or partially coherent radiation; while the micro-bunches that have higher individual bunching factor will emit coherent radiation.
3. An important comparison can be drawn from the definition of the bunching factor of a single bunch B single and that of a train of micro-bunches (B comb ); calculated for a particular frequency ω. The bunching factor of the single bunch will always be greater than or equal to B single for frequencies lower than ω; however; this is not true for the comb beam. The average bunching factor of the comb beam will peak at ω c and its harmonics; while it will quickly drop to values ∼0 for all other frequencies. In Section 3, the individual and average bunching factors have been computed for different cases of comb beam and their effect on the radiation output is discussed in Section 4.
In our project, Delhi Light Source, the efforts will be made to produce comb electron beam in which individual micro-bunches are super-radiant and the separation between the micro-bunches of the comb beam will be tuned to the resonant frequency of the undulator so that the individual and the average bunching factor is as high as possible. It is then expected that the radiation wave packet emitted from the trailing micro-bunches will slip ahead of their respective sources (by one radiation wavelength every undulator period) and constructively interfere with the radiation wave packets emitted from the leading micro-bunches (as shown in Fig.3 ). This will result in a linear growth in the electric field amplitude; which will get saturated after N m number of undulator periods.
IV. BEAM OPTICS SIMULATIONS
The beam optics calculations were performed using the GPT code to check the feasibility of generating the comb electron beam by laser micro-pulses incident on the photocathode [61, 65] . The electron beam generated at the photocathode was accelerated by the 2.6 cell RF cavity and subsequently focused by the solenoid and the quadrupole magnet to produce a very tight beam size in y-direction (a few hundreds of micron) and somewhat larger size in x-direction (a few m.m.) (Fig. 4(right) ). The main objective of the beam optics simulation is to transport the beam from the photocathode to the exit of the undulator magnet (see Fig. 1 ) by ensuring (a) minimum size along y-axis (b) minimum energy spread ∆E (c) minimum emittance (d) maximum average bunching factor of the electron beam and (e) maximum individual bunching factor of the micro-bunches in the comb beam bunches throughout the length of the undulator. Other important point to consider is the dispersion of the electron beam inside the undulator due to energy chirp in the multi micro-bunch structure [74, 75] . The energy chirp in the pre-bunched electron beam will result in different transverse trajectories of the particles inside the undulator causing de-bunching of the micro-bunched beam. It is expected that different micro-bunches in electron beam will have different energies as well as different energy spread as they are produced at different RF phases of the electron gun [76] . For the increased energy spread of the micro-bunches, longitudinal de-bunching due to dispersion will be larger resulting in a drop in bunching factor.
The beam optics calculation has been done for 3 THz and 0.6 THz with radial laser beam and major simulation parameters are given in Table II . For the case of 3 THz, Fig. 4 shows the longitudinal profile, energy spread and the current of the comb beam at the photocathode and at different positions inside the undulator. It is evident from Fig. 4 that while the beam traverses through the beamline to reach the undulator's entrance, the last and the first few micro-bunches (out of the 16 microbunches) develop significant energy spread (∆E ∼100 keV) and have a tendency to merge with each other. Due to large longitudinal space charge forces acting from opposite directions, the micro-bunches located well within the bunch are able to maintain their longitudinal bunching and only a small change in their energy spread and peak current (80 Amperes) are observed. It is also observed that except for the first micro-bunch; all the other micro-bunches have individual bunching factor greater than 0.2 and the average bunching factor is maintained well above 0.2 throughout the beamline (Fig. 5) . Fig. 5 (right) shows the evolution of the electron beam envelope (σ x & σ y ) from the photocathode to the exit of the undulator. Inside the undulator, the beam envelope along y axis is almost constant (<0.25 mm) while it is allowed to expand along the x axis. The maximum possible size of the beam along x axis is limited by the drop in the magnetic field of the undulator due to the magnetic rolloff effect which becomes significant beyond x= ± 10 mm [77] . For the case of 0.6 THz, only four micro-bunches separated by 2.2 ps (at the photocathode) can be produced (shown in Fig. 6 ). The growth of energy spread of individual micro-bunches from the photocathode to the undulator's entrance is almost ∼50 keV. It is seen that during the transportation of the comb beam from photocathode to the undulator over a distance of 2.3 m, the changes in the temporal structure of the comb beam due to space charge forces is negligible. However; inside the undulator, the micro-bunches experience dispersion (large K ∼2.48) and tend to lose their longitudinal bunching. This is reflected in the drop of bunching factor from unity at the undulator's entrance to about 0.5 at the undulator's exit over a distance of 1.5m only (Fig. 7(left) ). Thus, the peak current drops from ∼60 Amperes at the undulator's entrance to ∼20 Amperes at the undulator's exit. The evolution of the electron beam envelope is shown in Fig.  7 (right) .
V. THZ RADIATION SIMULATIONS
To evaluate the various parameters of THz radiation emitted from the wiggling electrons inside the undulator, a simulation code written in C ++ has been developed [78] . The code solves for the radiation wave packet emitted from the ensemble of the charged particles moving under the influence of arbitrary electromagnetic fields by solving the Liẽnard-Wiechert fields for point particles (Eq. 2). In the code, the particles are loaded and tracked when they are moving through the undulator's field using Vay Algorithm. The algorithm differs from the Boris Pusher (which is the default particle pusher used for integrating equations of motion of charged particle in electromagnetic fields) in the manner it averages velocity (from old and new velocities) to give magnetic rotation to the particle [79] [80] [81] . The entire history of the trajectory and information like velocity, momentum, acceleration and position of the particles inside the undulator are recorded into the SDDS output files [82] . In order to calculate the fields, firstly the retarded time at which the radiation was emitted is calculated and then the relative distance between the source of radiation and observation point, velocity and acceleration of the particle are evaluated at that retarded time.
The undulator used for simulation is a 30 period planar geometry and has a total length of 1.5 m. The magnetic field due to end pieces of the undulator used for simulations has been modelled with a linear ramp (extending over an undulator period) superimposed on the undulator s sinusoidal field. This ensures zero displacement of a particle injected on the axis of the undulator. In present simulations, the interaction between the electrons and between the electron-radiation have been ignored. The important parameters used for THz simulations are shown in Table III . It was earlier explained that the maximum output radiation from the pre-bunched electron beam is obtained when each micro-bunch is super-radiant i.e. B(ω)→1 and the separation is exactly equal to the wavelength of the fundamental undulator radiation. If both the conditions are satisfied then the electron beam can be said to be an ideal comb beam. An ideal comb beam (corresponding to 3 THz) with 16 micro-bunches and 15 pC/micro-bunch charge was generated and injected into the undulator. The separation was kept exactly equal to 0.1 mm i.e. the wavelength corresponding to 3 THz radiation. The output radiation waveform was evaluated at 10m from the undulator's exit and is shown in Fig. 8(Top) . It can be seen that the growth in the field amplitude is exactly linear and the number of periods required to achieve saturation is exactly equal to the number of micro-bunches (Fig. 3) . Further, the duration of the pulse can also be shown to be close to T pulse = λ r (N u + N m /β)/c, which is equal to 15.34 ps. Fig. 8 (bottom) shows the spectrum of the radiation obtained from the Fourier Transform of the radiation wave packet and it is seen that the first and the third harmonic frequency content is present, while even harmonics are absent. This can be understood from the longitudinal and the transverse motion of the electron inside the undulator [83, 84] . For high frequencies, the undulator will be tuned to K <1 where the electron's deflection from its path is low and the device acts as an undulator. For the longer wavelengths, however, the K parameter will be set up to ∼2.8 where the device can be described as a wiggler. For a point detector, the entire radiated wave packet will be detected only if the deflection angle of the electron beam is small compared to 1/γ. Then, the electric field of the emitted radiation wavepacket will follow a pure sinusoidal curve; whose Fourier Transform will have only a single frequency component; resulting only in the fundamental harmonic of the radiation. However, as K increases, the transverse displacement of the electron beam increases and the point detector is unable to detect the complete radiation waveform. It only sees a series of short field pulses periodic in time which are emitted at the extremes of the trajectory when the velocity vector points towards the observer. The polarity depends on the sign of the transverse acceleration of the electrons. This behaviour is due to the 1/(1 −n · β) 3 term of Eq. 2 which becomes very large only ifn · β = 1. The detected radiation waveform is then described by a function which is symmetric and uniformly spaced in time i.e. it can be defined by a function like f(t+T)=f(t). Further, the obtained waveform is such that it reverses its polarity after every half-period i.e. f(t+T/2)=f(t). Thus, the function describing the radiation wave packet is such that its Fourier transform will have odd-harmonics only. If the observation is extended off the undulator axis the even harmonics reappear.
The same undulator configuration with an observer placed at 10 m, was also used to study the radiation emitted from the micro-bunched structure as shown in Fig. 4 . The 6-D phase space information (x, px, y, py, z, pz) of the electron beam at the undulator's entrance was extracted from the GPT code and imported into the C ++ code. The radiation output obtained from the actual 16 micro-bunch structure is shown in Fig. 9(top) . In this case, it is observed that the growth of radiation in first few undulator periods is slow and non-linear. This is because the first micro-bunch that enters the undulator is completely de-bunched (as evident from its individual bunching factor in Fig. 5 ). The radiation emitted from the first micro-bunch is essentially incoherent and is equivalent to the shot noise of the FEL. As soon as the super-radiant micro-bunches enter the undulator, they emit coherent radiation and linear growth in the field is observed again.
For the case of 0.6 THz, the radiation output from electron beam (Fig. 6) is shown in Fig. 10 . From Fig. 6 , it can be seen that the drop in the bunching factor and current profile is drastic for this case. Thus, the electric field amplitude tend to decrease (rather than saturating) in output radiation from this case. In this case, the undulator parameter is large i.e. K ∼ 2.43 and therefore, the spectrum obtained has some contribution from the higher harmonics as well. The spectral power density for the frequency of interest is low.
The transverse radiation beam profile of the THz radiation from pre-bunched electron beam having energies of the order of few MeVs is an important point to consider. The radiation beam profile is evaluated at 0.5 m away from the undulator's exit (Fig. 11-top) and this is the place where the beam pipe of dimension 40 mm (x) × 20 mm (y) placed inside the undulator is connected to another beam pipe of much larger dimension. It is understood that the radiation emitted by the electron beam under large angles hits the vacuum chamber walls and undergoes multiple reflections. The reflected waves will interfere with the core beam to produce the radiation pattern at the output of the device. To simulate this effect, we introduce mirror particles to all the tracked particles, which are displaced by multiples of the vacuum chamber height and have alternating polarities owing to the 180 degree phase jump; a wave undergoes upon reflection at a metallic surface. The radiation of the mirror particles is delayed due to their larger distance to the observer. The radiation of all ( real and mirror ) particles is added coherently to obtain the total radiation output. This description is valid only inside the waveguide aperture so we have to compute the radiation pattern at the end of the narrow undulator vacuum chamber and use another (free-space) optical propagation code to simulate the radiation propagation from there. At 3 THz, the central cone of the radiation just fits into the opening angle of the vacuum chamber aperture, so the wave guiding effect is small as can be seen from Fig. 11(bottom) . The radiation of 0.6 THz corresponds to a longer wavelength (produced using electrons of lower energy) and therefore; larger divergence angle yields a much more pronounced interference pattern. It is best described as the sum of the few lowest-order transverse waveguide modes [85] . One should note that the phase velocity of the waveguide modes slightly differs from the vacuum speed of light so the resonance frequency of the undulator radiation shifts accordingly. The radiation pulse energy emitted into the central cone of the undulator is strongly dependent on the deflection angle of the electron beam through undulator parameter K, the strength of correlation among the radiating charges through the bunching factor B avg (ω) and the total number of electrons through the total charge of the bunch Q. It can be computed using the following equa- tion [27] :
2 is called the coupling factor of the electron beam to the radiation field and ξ = K 2 /(4 + K 2 /2). Table IV , lists the expected optical pulse energies emitted into the central cone by the comb beam obtained for various comb beam configurations and has been compared to ideal comb beam. It is to be noted that although the higher frequencies have much higher total charge in the comb beam; but; as the bunching factor is lower for these frequencies, the total pulse energy is remarkably low.
VI. CONCLUSION
In the paper, the feasibility study of generating the comb electron beam by manipulating the laser pulses incident on the photocathode is reported. We have shown that the bunching factor of a comb beam will depend on the structure of the individual micro-bunches and also on the separation between the centre of masses of the micro-bunches. The simulation calculation shows that the average bunching factor of the 16 micro-bunch train can be maintained at a value of ∼0.2 from the entrance to the exit of the undulator. Except for the incoherent radiation emitted from the first micro-bunch, the output radiation waveform for 3 THz shows that the radiation wave packet emitted from trailing micro-bunches interfere constructively with the radiation wave packets emitted by leading micro-bunches and therefore radiation field grows linearly. For larger wavelengths, the number of micro-bunches that can be accomodated in a single micro-bunch train is reduced. The number of microbunches for 0.6 THz is only 4. The energy of the comb beam required to generate longer wavelengths is lesser, the undulator parameter is large and the ratio of energy spread to that of average energy of the beam i.e. ∆E/E is sufficiently large to strongly disperse the microbunches inside the undulator. The effect of the dispersion is that the electrons become uncorrelated and the radiation enhancement due to "super-radiance" is lost to some extent. The study of the transverse beam profile of the THz radiation and the effect of beam-pipe inside the undulator on the beam profile suggests that there will be some distortion due to the beam pipe; suggesting the requirement of cylindrical lenses to focus the beam at desired location. For longer wavelengths, the beam-pipe will act like a wave-guide and therefore a wave-guide analysis is required. At last, the radiation pulse energy emitted into the central cone of undulator has been calculated for the entire range of the frequencies. 
